This study observed the immune response induced by a HSP65 DNA vaccine fused with UbGR against Mycobacterium tuberculosis. BALB/c mice were inoculated with HSP65 DNA vaccine, UbGR-fused HSP65 DNA vaccine (Ub-GR-HSP65) and blank vector respectively. HSP65 DNA vaccine elicited a Th l -polarized immune response. The Th l -type cytokine (IFN-γ) and proliferative T cell responses from spleen were improved significantly in UbGR-HSP65 group, compared with those in HSP65 DNA vaccine group. Furthermore, this fusion DNA vaccine also led to an increased ratio of IgG 2a to IgG l and the cytotoxicity of T cells. IFN-γ intracellular staining of splenocytes indicated that UbGR-HSP65 fusion DNA vaccine could activate CD4 + and CD8 + T cells, with much higher CD8 + T cells. Thus, this study demonstrated that the UbGR fusion could improve HSP65-specific cellular immune responses, which is helpful to protect against TB infection.
Introduction
Infection with Mycobacterium tuberculosis remains to be a major cause of morbidity and mortality throughout the word, resulting in 3 million deaths and over 9 million new cases of tuberculosis each year [1] . WHO has estimated that in the next two decades more than a billion people will be newly infected and about 36 million people will die from TB if control of this disease is not substantially strengthened within two decades [2] . BCG vaccination protects children against tuberculosis meningitis, but confers a variable protection (ranging from 0% to 80%) against pulmonary TB in adults [3] . In recent years, the emergence and spread of multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB) and coinfection with TB/HIV pose serious challenges to effective TB control [4] . Increased emergency of multidrug-resistant (MDR) strain of M.TB and co-infection with HIV have complicated the situation. Therefore, new and improved TB vaccines are urgently needed to control TB effectively. A number of strategies have been proposed for improving the efficacy of vaccines against TB including inactivated vaccines, subunit vaccines and DNA vaccines [5] [6] [7] [8] [9] .
To develop new vaccines requires full understanding of the protection mechanism against TB. As M. tuberculosis is an intracellular pathogen, the crucial factor of protective immunity against TB is a T-cell mediated response characterized by the secretion of IFN-γ and other cytokines [10] . Hence, the new vaccines which are able to provoke potent protective cellular immunity are urgently needed. DNA vaccines mimic the effects of live attenuated vaccines to induce major histocompatibility complex class-I-restricted CD8¹T cell responses and Th 1 -type response, which are thought to mediate killing of intracellular pathogens. However, the efficacy of DNA vaccines is limited due to problems related to delivery, animal species and degradation of plasmid DNA, resulting in modest cellular and humoral immune responses. In the past years, DNA vaccines also have been studied against tuberculosis in animal models [11] [12] [13] [14] [15] [16] . These DNA vaccines encoding Ag85A/B/C, ESAT-6, MPT64, PST1/2/3, 38 kDa or HSP70, when used individually or in combination, have conferred inferior or similar to protection against M. TB challenge than that of BCG. Hence, the efficacy of DNA vaccines against TB needs more improvement. To improve the efficacy of DNA vaccines, numerous studies have explored methods to improve immune responses by optimizing plasmid design, vaccine delivery systems and adjuvants.
Heat shock protein 65 (HSP65) of MTB is an important immune-protective antigen that can be identified specifically by 10% -20% of reactive T cells in MTB-infected mice, making it a promising candidate as a protective antigen. Experiment results suggest that HSP65 is not only an important component of a preventive vaccine, but also a candidate for a therapeutic vaccine. However, in experimental mouse models, DNA vaccines encoding HSP65 induced partial protection against experimental tuberculosis and the efficacy of HSP65 DNA vaccines varied with the method of DNA introduction [17, 18] . So, it is needed to improve the efficacy of HSP65 DNA vaccine by some measures. As it is known, Ub-proteasome system plays a key role in antigen presentation through MHC class I pathway [19] . So, ubiquitin was reported to enhance DNA vaccine responses against antigens in the adjuvant setting. When a protein is fused to Ub, the degradation of the protein in proteasome and presentation can be enhanced, resulting in an improvement of immune response. In this study, we demonstrated that UbGR-HSP65 fusion DNA vaccine was capable of improving the cellular immune response against HSP65.
Materials and Methods

Mice
BALB/c female mice, 6 -8 weeks old, were bred in the animal facilities of the Second Military Medical University (SMMU). All procedures performed on animals were conducted according to the guidelines for the care and use of laboratory animals of SMMU under protocols approved by the institutional Animal Care and Use committee at the SMMU.
Cell Transfection
The recombinant plasmid pcDNA3-HSP65 was transfected into P815 (H-2 d a lymphoma cell line, from Type Culture Collection of Chinese Academy of Sciences) cells by liposome (Roche Molecular Biochemicals) according to the manufacture's instruction. After selection in medium supplemented with G418 (800 μg/ml), stable transfectants were subcloned by limiting dilution and then determined by RT-PCR and immunochemistry methods.
Immunocytochemistry
The expression of HSP65 protein was detected by immunocytochemistry. P815 stable transfectants were fixed in 4% paraformaldehyde for 10 min and placed on a poly-l-lysine-treated microslide. And were then air-dried for 30 min. Slides were redehydrated and blocked using 1% BSA in PBS plus 0.1% Triton X-100 (pH 7.2) for 1 h. Then slides were incubated overnight at 4˚C in a humid chamber with appropriate sera diluted at 1:20 in PBS from the patients infected with M. tuberculosis (provided by Dr. Xiao An with the permission of patients). After washing in PBS (three times for 10 min)， the bound human immunoglobulin was detected by incubation for 24 h at 4˚C with goat anti-human-HRP-conjugated second antibody (Southern Biotechnology Associates, SBA) diluted 1:100 in PBS plus 1% goat serum. After washed in PBS (three times for 10 min), the interest antigen was colored by DAB substrate and the slides were counterstained with hematoxylin.
Plasmid Construction and Preparation
The cDNA of HSP65 is cloned from the genome of cultured Mycobacterium tuberculosis by PCR method. The primers are as following: forward primer 5'gcgc aagctt gccacc atg gcc aag aca att gcg tac gac gaa gag 3', reverse primer 5' gc tctaga tca gaa atc cat gcc acc cat gcc acc cat gtc gc 3'. The PCR condition is as following: 35 cycles (94˚C 1 min, 65˚C 1 min, 72˚C 1 min), 72˚C 10 min. Then the cDNA of HSP65 was inserting into the Hind Ⅲ and Xba I EcoR I restriction sites of pcDNA3 plasmid (Invitrogen), downstream of the CMV early promoter. For the construction of ubiquitin-HSP65 fusion DNA vaccine, the cDNA encoding the ubiquitin with Hind III and Nhe I restriction sites was obtained from mouse testicle by RT-PCR. An arginine (R) was added to the C-terminal residues of Ub. The cDNA of HSP65 antigen with NheI and EcoRI restriction sites was also obtained by PCR, not including the starting condon. The spacer sequence (GGGGS) was added between the ubiquitin and HSP65 antigen. Plasmids used in this study were prepared with alkaline lysis method followed by TritonX-114 treatment to remove endotoxin [20] .
Vaccination Protocol
For DNA vaccination, mice were injected with pcDNA3-HSP65 or pcDNA3-ub-HSP65 (UbGR-HSP65) into both quadriceps with 2 × 50 μg DNA three times at 3 weeks intervals. Mice inoculated with pcDNA3 plasmid or pcDNA3-ub was as negative controls. To enhance muscle cells uptake of plasmid DNA [20] , 25% sucrose was injected into the muscles of both quadriceps 15 min before plasmid inoculation. method was as described previously [21] , using recombinant HSP65 protein (1 μg per well) [22] and anti-mouse IgG, IgG 1 or IgG 2a coupled to horseradish peroxidase (HRP) (Southern Biotechnology Associates, SBA). The antibody titers were determined according to the optical density (OD450 nm). Finally, the relative ratio of IgG 2a to IgG 1 was calculated.
Lymphocytes Proliferation Assay
Mice were sacrificed 3 weeks after the last immunization. Spleens from each group were pooled and analyzed. Th-cell proliferation assay was performed as previously described [23] . Briefly, the isolated spleen cells were resuspended to a concentration of 5 × 10 6 cells/ml. A volume of 100 μl of cell suspension was added to 96-well plates and the HSP65 protein [22] was added to the wells in triplicate at the final concentration of 5 μg/ml. The plates were incubated at 37˚C in an atmosphere of 5% CO 2 for 66 h. Then the proliferation responses were detected by MTT [3-(4, 5-dimethylthiazol-2-yl) 2, 5-diphenyltetrazolium bromide] (5 mg/ml, Sigma) method and the stimulation index (SI) was calculated. The stimulation index was determined from the formula: stimulation index (SI) = experimental OD/negative OD. To assure that cells were healthy, 10 μg/ml ConA was used as a polyclonal stimulator for positive control.
Evaluation of Cytokines Production in Vitro
Single splenocyte suspension from immunized mice was diluted in 10% bovine calf serum-supplemented RPMI 1640 to 5 × 10 6 cells/ml. A volume of 100 μl of cell suspension was added to 96-well plates (Costar) and the HSP65 protein was added to the wells in triplicate at the final concentration of 5 μg/ml. After 72 h incubation, cell-free supernatants were harvested and were screened for the presence of IFN-γ and IL-4 with an ELISA detection system (Jingmei, Biotech) according to the manufacture's instruction.
Intracellular IFN-γ Measurement Using Flow Cytometry
Splenocytes from vaccinated mice were cultured at 2.5 × 10 6 /ml in 24-well tissue culture plates (Nunclon, Roskilde, Denmark) in the presence of 5 μg of HSP65 protein/ml for 3 days. Brefeldin A (Sigma, St. Louis, Mo.) was added to the cultures for the last 5 h to prevent secretion of the intracellular cytokine. One million cells from each group were first incubated with fluorescein isothiocyanate-conjugated anti-CD4 Ab (clone RM4 to 4 PharMingen) or CD8 Ab for 30 min at 4˚C. Cells were then washed, fixed with 4% paraformaldehyde, and permeabilized with phosphate buffered saline containing 0.1% saponin. To label intracellular IFN-γ, cells were incubated with phycoerythrin-conjugated anti-IFN-γ Ab (clone XMG1.2; PharMingen) for 1 hour at room temperature, washed, and acquired on a cytofluorometer (FACSCALIBUR; BD, Mountain View, Calif). Lymphocytes were gated by their forward and side light scattering properties, and 100,000 cells were acquired in the lymphocyte gate. Analysis was performed by Cell Quest software.
Cytotoxicity Assay of T Cell
Spleen cells adjusted to a concentration of 10 7 /ml from in vivo-primed mice were co-cultured with mitomycin (10 μg/ml) treated target cells (P815-HSP65, 5 × 10 5 /ml) in a 10 ml cell suspension in RPMI 1640 for 5 days at 37˚C in 5% CO 2 . Twenty units per milliliter recombinant murine IL-2 (Biosource) was also added to the cell solution for 5 days. The P815 cell was used as a negative control.
To measure the specific lysis of the target cells, we used the lactate dehydrogenase (LDH) release assay, which yields highly similar results as the standard chromium release assay, but does not require the use of radioisotopes. In 96-well round-bottom plates, effector cells were incubated with target cells at different E/T ratio for 4 h in phenol red-free RPMI 1640 containing 2% BSA, 2 mM glutamine, and 1% penicillin and streptomycin. After centrifuging the plates at 250× g for 10 min, 100 μl per well of the supernatant was then transferred to 96-well plates, and lysis was determined by measuring LDH release using cytotoxicity detection kit (Roche Molecular Biochemicals). The released LDH converted the added substrate tetrazolium salt into red formazan product, and the amount of color is proportional to the number of lysed cells. The absorbance values from supernatants were recorded at OD492 nm on an ELISA microplate reader. The percent lysis was calculated as follows:
sample release spontaneous release 100% total release spontaneous release 100%     .
Statistical Analysis
The statistical significance of differential findings between experimental groups was determined by Student's test. Data were considered statistically significant at P < 0.05.
Results
Construction of pcDNA3-HSP65 and UbGR-HSP65 Fusion DNA Vaccine
The recombinant pcDNA3-HSP65 plasmid was con- (Figure 1) . Finally, the sequences of the two DNA vaccines were shown to be correct by sequencing.
After a large scale of preparation, the plasmids were suspended in endotoxin-free PBS. DNA was quantified by spectrophotometry at 260 nm and the final concentration of the solution was adjusted to 1 μg/μl of DNA in PBS.
The Stable Expression of HSP65 Protein in P815 Cells
The purpose of transfection experiment was to obtain the specific target cells for cytotoxicity assay. After selection by G418 (800 μg/ml), fifteen clones were obtained and four clones of transfected cells were randomly chosen and screened for HSP65-mRNA by reverse transcription-PCR. After electrophoresis, a single band about 1.6 kb in length was observed in clone I II III IV. And then, the expression of HSP65 was further examined in clone I by immunocytochemistry. The immunostaining was restricted to the cytoplasm of the cells transfected with pcDNA3-HSP65 plasmid. However, no staining was detected in P815 cells. No staining signals were detected with the sera from control health people, which indicated that the staining is specific. Those results demonstrated that HSP65 antigen could be expressed stably in P815 cells. We chose clone I as target cells in the cytotoxicity assay.
Production of Antibodies Induced by Different Vaccines
To determine the level of HSP65-specific IgG elicited by different vaccines, mice of different groups were immunized three times at 3 weeks intervals. Three weeks after the last immunization, the sera from mice were collected by retro-orbital bleeding and antigen-specific antibodies were detected by ELISA. As shown in Figure 2 , compared with the pcDNA3 vector group or pcDNA3-ub group, the HSP65 DNA vaccine elicited a significantly higher level of IgG (P < 0.01). However, the IgG level in the UbGR-HSP65 fusion DNA vaccine group was lower than that in HSP65 DNA vaccine group (P < 0.01). The IgG subclasses give an indication of the Th 1 versus Th 2 nature of the immune response. We also detected the relative ratio of IgG2a/IgG1. As shown in Figure 3 , although the IgG level decreased in the Ub fusion DNA vaccine group, the relative ratio of IgG2a/IgG1 increased significantly in the fusion DNA vaccine (P < 0.05), compared with the HSP65 DNA vaccine group.
Lymphocyte Proliferation and Cytokine
Production by Splenocytes from Vaccinated Mice Hence, it is important to measure proliferation of T cells after immunization with vaccines when stimulated in vitro with a specific antigen. In our experiment, HSP65 (5 μg/ml) or ConA (10 μg/ml) was used as a specific stimulator or a polyclonal stimulator of T cells respectively. As shown in Figure 4 , a low background level of T-cell proliferation was observed in vector control group and pcDNA3-ub group. A significant increase of T cells proliferation (P < 0.01) was observed in pcDNA3-HSP65 group compared with vector group or pcDNA3-ub group. The ubiquitinated HSP65 DNA vaccine significantly enhanced Th-cell proliferation responses compared with non-ubiquitinated HSP65 DNA vaccine (P < 0.01).
As a specific indicator of CD4 + T-cell activation, the cytokines were also detected. Th 1 -associated cytokines (IL-2, IFN-γ) and Th 2 -associated cytokines (IL-4, IL-5 and IL-10) are major parameters in our understanding of the polarization of immune responses. Th 1 immune responses are thought to drive induction of cellular immunity, whereas Th 2 immune responses preferentially drive humoral immunity. In this study, the level of IFN-γ and IL-4 was examined.
As demonstrated in Figure 5 , the level of IFN-γ was significantly higher in HSP65 DNA vaccine group than that in pcDNA3 group or in pcDNA3-ub group. The secretion of IFN-γ significantly increased in UbGR-HSP65 fusion DNA vaccine group (P < 0.01) compared with HSP65 DNA vaccine group. However, the level of IL-4 was lower in fusion DNA vaccine group than that in non-fusion vaccine group (P < 0.01). In HSP65 DNA vaccine group, the level of IFN-γ was higher than that of 
IFN-γ Intracellular Staining for Splenocytes in Vaccinated Mice
Since IFN-γ is clearly a key molecule in the anti-tuberculosis protective response. The role of CD4 + and CD8 + T cell for secreting IFN-γ was investigated by intracellular staining. As shown in Figure 6 , the frequency of IFN-γ + CD4 T cells and IFN-γ + CD8T cells was higher in HSP65 DNA vaccine group than those in pcDNA3 vector group or in pcDNA3-ub group. The frequency of IFN-γ + CD8T cells was much higher in the spleen of the UbGR-HSP65 fusion DNA vaccine group than that in HSP65 DNA vaccine group (P < 0.01). Although to a lesser extent, the frequency of IFN-γ + CD4T cells was also higher in the UbGR-HSP65 fusion DNA vaccine group, compared with the HSP65 DNA vaccine group (P < 0.05). Overall, UbGR-HSP65 fusion DNA vaccine induced more antigen-specific CD8 + T cells than CD4 + T cells. These results indicated that UbGR-HSP65 fusion DNA vaccine activated CD4 + and CD8 + T cells, particularly CD8 + T cells.
Improved CTL Response by UbGR-HSP65 Fusion DNA Vaccine
Cytotoxic T-cell responses were determined with a LDH release assay, after in vitro restimulation, against the target cell line P815-HSP65, which stably expressed the HSP65 protein. P815 cell was used as a negative control. As shown in Figure 7 , DNA immunization with HSP65 DNA vaccine resulted in a strong CTL response, which was significantly above the blank vector or in pcDN-A3-Ub immunization (P < 0.01). Ub fusion DNA vaccine enhanced the cytotoxic T-cell response, compared with HSP65 DNA inoculation (P < 0.01). The blank vector or pcDNA3-Ub immunization did not induce CTL response. The spontaneous release was below 10%.
Discussion
DNA vaccine is one of the most innovative vaccines, which has been reported that DNA vaccines preferentially induced Th 1 -dominant immune response. The exact mechanism of driving Th 1 or Th 2 type response has not been well known, but it has been suggested that CpG motifs from a bacterial plasmid might be responsible for [24] . However, there is still no one DNA vaccine whose immune response could be superior to that of conventional BCG. Hence, in order to improve the DNA vaccines against Mycobacterium tuberculosis, some strategies must be explored to enhance the protective immune response. In our study, we chose Ub to modulate the immune response elicited by HSP65 DNA vaccine.
It is well known that Ub-proteasome pathway is the main source for intracellular protein turnover. MHC lass I most often presents peptides derived from endogenously synthesized proteins, which are degraded by the proteasome. Hence, higher rates of intracellular antigen turnover should increase the number and variety of fragments and peptides available for MHC I binding, which may result in an increase of cell-mediated response to the expressed antigens. To this point, conjugation of the antigen with Ub should target the endogenously synthesized antigens to the proteasome pathway There are two methods of fusing the Ub with the interest protein. One is to mutate the C-terminal residue of Ub from glycine (G) to alanine (A), resulting in a stable Ub-protein (UbAAg). This stable Ub-protein can be polyubiquitinated and degraded quickly by the proteasome. The other method is to add an arginine (R) to the C-terminus of Ub, resulting in an unstable Ub-protein (UbGRAg). This fusion protein can be quickly recognized and degraded by the Ub system according to the N-rule, also resulting in promoted protein degradation. So, it is essential for a DNA vaccine to induce antigenspecific CD8 + T cells based on the Ub fusion degradation pathway.
Based on the Ub paradigm, we fused UbGR with HSP65 antigen from M.TB in our study. The change of the immune response elicited by UbGR-HSP65 fusion DNA vaccine indirectly showed the change of HSP65 degradation. Compared with the HSP65 DNA immunization, UbGR-HSP65 fusion DNA vaccine resulted in an lower antibody IgG, an enhanced lymphocytes proliferation, a stronger Th 1 type immune response and an enhance cytotoxicity of CTL. In order to generate a protective immune response against infection by M.TB, CD4 + but also CD8 + T-cell responses are essential. In the frequency of IFN-γ detection, the frequency of IFN-γ level in UbGR-HSP65 was higher than that in HSP65 DNA vaccine group. The increased level of IFN-γ resulted from both the CD4 + T and the CD8 + T cell, particularly from CD8 + T cell. Interestingly, the ubiquitination strategy designed to improve MHCⅠ-mediated cellular responses also resulted in improved cytokines and proliferative responses mediated by CD4 + T cells. It could be that the increasing protein degradation by the proteasome also yields peptides that could be taken up by MHC II molecules. That modulation of immune response in our experiment is helpful for the protective immunity of Mycobacterium tuberculosis. The modulated immune response indicated that the expressed HSP65 protein had a higher rate of intracellular degradation in a proteasome pathway because of the addition of UbGR. Our result is consistent with the Sharma A's report [28] , which showed that immunization with DNA vaccine encoding ORFF fused to Ub induced higher IFN-γ, stronger Th 1 responses than those of unmodified vaccines. However, no effect was seen for another antigen PyCSP using the same targeting strategies. Rodriguez et al. [30] showed that the fusion of a ubiquitin monomer to the nucleoprotein of lymphocytic choriomeningitis virus led to more rapid and complete degradation, which enhanced cytotoxic T-lymphocyte induction and abrogated antibody induction. However, in Vadlin's study [31] , when Ub fused with hepatitis C virus (HCV) core antigen, an undetectable antibody response and no increase in CTL activity were observed compared with the non-fusion vaccine. In our study, the humoral immune responses were not completely abrogated. Those different results may correlate with the different antigenicity of protein and the different dependence of antigen on Ub.
In conclusion, the data presented above suggested that the fusion of UbGR to DNA vaccine significantly increased the antigen-specific cellular immune response. Infection with M. tuberculosis remains largely confined to an intracellular localization. Thereby, it is greatly accepted that protective immune response against M. tuberculosis infection involved a cell-mediated response rather than humoral response on the part of the host defences, involving both CD4 + and CD8 + T cells and the ability to respond with Th 1 -type cytokines, particularly IFN-γ. Taken together, our results demonstrated that the fusion of UbGR to HSP65 DNA vaccine could be as a new strategy to improve the efficacy of TB DNA vaccines.
